The use of quenched boron steel components is an economic way to achieve significant improvements in terms of weight saving and crash performance. The material and process knowledge on the hot stamping of boron steels (e.g. Arcelor's USIBOR 1500 P ® ) by the stampers needs to be extended and accurate simulation tools must be developed to support the growth of this forming technology.
Abstract. The use of quenched boron steel components is an economic way to achieve significant improvements in terms of weight saving and crash performance. The material and process knowledge on the hot stamping of boron steels (e.g. Arcelor's USIBOR 1500 P ® ) by the stampers needs to be extended and accurate simulation tools must be developed to support the growth of this forming technology.
This paper simultaneously addresses the specific requirements of the hot stamping simulation and the current state of the art in this field. A specific approach is presented for the detection of the process limits within the simulation tool. A software chain has been set up with the target to decrease the computation times.
Introduction: a short process sequence for high strength components
In recent years, the steel industry has developed and industrialized a wide range of products with ever increasing strength. Even in the class of grades between 800 MPa and 1000 MPa, the sophisticated metallurgical routes guarantee a sufficient formability and weldability for good processing in the press and assembly shops. A major breakthrough has been reached by the use of boron steels for hot stamping and particularly by the development of Usibor 1500 P by Arcelor.
With this material, a tensile strength around 1500 MPa can be reached on the formed part. This can significantly contribute to the achievement of the foremost goals of automotive industry: save weight while increasing the crashworthiness of the cars. Target components are in the crash relevant parts of car structures: bumpers, side impact reinforcements, A-and B-pillars, tunnels and front / rear members, etc. (see Fig. 1 ).
Fig. 1. Range of application for hot stamped USIBOR 1500 P in crash relevant components
Although USIBOR 1500 P has a quite good formability at room temperature, the blank is preferably formed in one stroke, at high temperature, after an austenitization above 900°C. This way, the formability is enhanced, press forces are reduced and the quenching, which generates the final martensitic structure, can be performed directly inside the forming tool. Taking into account that punching and trimming operations could be reduced or integrated in the forming operation, this leads to a very short process sequence, as compared to the multi-stage forming process that is often necessary for classical high strength steels. Springback is not an issue any more with this process. On the other hand, the cycle time for the process (typically 20 s to 25 s) is impacted by the duration of the quenching inside the closed die.
Because of the high temperature and unavoidable contact with air during transfer from the furnace into the stamping press, the surface of the hot blank is subjected to oxidization, unless a specific coating is applied on the sheet metal. The aluminum-silicon coating developed for the USIBOR 1500 P provides an excellent protection from both scale formation and decarburization, thus shortening even more the process sequence as the shot blasting operation can be saved.
Thanks to these convincing advantages, the number of parts specified in hot stamped boron steel is quickly growing. OEM's and suppliers are investing in dedicated equipment [1] and the consumption of boron steels dedicated to hot stamping should more than double between 2004 and 2007 [2] . The growth of Arcelor's coated USIBOR 1500 P is expected to be even more impresssive.
Specific issues of finite element simulation applied to hot stamping
Context. Whereas finite element simulation is nowadays state-of-the-art for conventional stamping, the design of hot stamped parts and the process layout for their production still relies on the experimental knowledge of a very small number of experts.
Indeed, the finite element simulation faces a number of challenges when addressing the hot stamping process [3] :
• Temperature and strain rate dependent material parameters (thermal and mechanical) • Heat transfer between the blank and the die (depending of current contact conditions) • Coupled thermo-mechanical calculation • Evolution of the microstructure of the material as a function of temperature, time and deformation
For an accurate description of reality, it is moreover necessary to have:
• a correct physical understanding and modeling of the involved phenomena • a set of experimentally determined material and thermal parameters • an accurate mathematical transcription of the coupling between the thermal, mechanical and metallurgical issues
• a time-efficient numerical solving scheme • a convenient pre-and post-processing tool, displaying the specific criteria for this process This complexity has been tackled with in some very comprehensive approaches [4] [5] [6] [7] 12] . Simple analogies with "cold" stamping have been imagined and experimentally tuned, but till now their accuracy remains poor. Chosen approach. When simulating a hot stamping operation, we are interested in three main results:
• feasibility of the forming (accurate geometry without wrinkling or tearing) • micro-structure after the forming and quenching • process data: cycle times, press force, thermal load on the dies Suitable criteria need to be developed, and none of them are trivial. Moreover, for a safe industrial process, the robustness with respect to the process limits should be investigated.
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Sheet Metal 2005 Fig. 2 summarizes the approach that has been adopted by Arcelor for the development of a finite element simulation environment dedicated to hot stamping. The main assumption underlying this approach is that:
• all the deformation should take place in the fully austenitic material.
• the final micro-structure should be fully martensitic. The current industrial practice confirms the validity of this definition of the process window. Following process limits thus need to be determined:
• formability limit of USIBOR at high temperature • critical thermo-mechanical history for a correct quenching Material behaviour. The blank is formed in a temperature range between 500°C and 850°C. The rheology of the material needs to be described and modeled in this range. The strain rate is a parameter to be considered as its effect can usually not be neglected in hot forming processes. Two fields of investigation can be distinguished:
• experimental determination of flow curves • modeling of work hardening and strain rate effect Flow curves for boron steel in the instable austenitic phase have been measured in isothermal compression tests (after prior austenitization and fast cooling down on test temperature) between 650°C and 900°C and for strain rates varying from 0,01 s -1 to 10 s -1 [8] .
Parallel studies were conducted between 600°C and 700°C in isothermal uniaxial tensile tests (for small deformations) and isothermal torsion tests (for large deformations), in a narrower range of strain rates (0,1 s -1 to 1 s -1 ) [4, 12] . Current work aims at extending this range.
For temperatures under 600°C, experimental difficulties arise because phase transformations interfere with the deformation (see 2.6). The range of validity of the curves for pure austenite needs to be examined carefully. Several models have been proposed and numerically identified for the mathematical fitting and inter-/extrapolation of these curves:
• a Norton-Hoff law [4, 6] • modified power laws [7] The most promising approach seems to come from the physically based laws which close the gap between considerations on the level of the dislocation and macroscopic descriptions [7, 9] . Tribology. Usually, the hot stamping die is designed to avoid the use of a blank-holder in order to reduce the heat loss in the flange area. The normal efforts in through-thickness direction are thus small. On the other hand, the surface of the blank can be quite rough and abrasive. Very few experimental data are available on friction between a hot steel strip and a drawing tool. Values stated range from 0,15 [4] to 0,3 [7] . A sensitivity analysis confirmed that the friction coefficient has a relatively low impact on the strain and temperature distribution in hot stamping [4] . Heat transfer. During the forming and quenching phases in the hot stamping process, there is an extensive heat transfer from the stamped component to the die. It is essential for the quality of the formed part that all regions are correctly quenched in order to guarantee a homogeneous martensitic structure. The numerical simulation must be able to model and to predict the physical mechanisms of heat transfer.
Two situations need to be distinguished: the die and the blank are in contact, for example on the punch nose (zero clearance, contact pressure) or there is a gap between them. A small gap can appear between the die and the vertical wall of beam-like components because of tolerances on material thickness and die wear.
In the case of zero clearance and for a given pair of die and blank surfaces (materials, coatings, roughness), the heat transmission coefficient depends on the time and on the contact pressure [4, 10, 11] . Although the regime is clearly transient, the time dependency is neglected in the FEcalculation of hot stamping as time dependent measurements of the heat transmission coefficient are quite difficult to conduct. During the quenching stage, this assumption does not impact the final result very much.
The dependency on the contact pressure is logarithmic [4] : the heat transfer coefficient saturates for high contact pressures.
In the case of a gap between the blank and the die, the heat transfer is mainly driven by heat conduction through the air. Radiation dominates only at high temperatures (T > 700°C) and through wide gaps (d > 1 mm). Phase transformation. As stated earlier, the forming process should be conducted in the austenitic state of the material. The process limits for the forming are thus:
• transformation of austenite into ferrite below A r3 or bainite below B s • transformation of austenite into martensite below M s If we consider the static CCT-diagram (e.g. [12] ), this defines a minimal cooling speed. Taking into account some possible impacts of the deformation [13] [14] [15] and the natural scatter of process parameters, a safety margin should to be taken from this limit.
The thermo-mechanical processing and the prediction of the final micro-structure after forming and cooling are well-known for example from hot rolling. Extrapolation to hot stamping is still to be done. The difficulty lies in the very big diversity of strain paths and temperature histories that can be encountered in hot stamped parts.
A study has been conducted to integrate the nucleation and growth of ferrite into the finite element model [7] . The model was applied on a flat strip of sheet cooled in a closed die. The prediction of the final volume fraction of ferrite (when present) is correct. Models to integrate the effect of the deformation and dislocation density on the micro-structural changes have been proposed [16, 17] but their application to hot stamping, taking into account the effect of the boron [18] , is not yet state of the art.
The martensitic transformation causes a release of latent heat of approx. 85 kJ/kg between M s and M f . The comparison with the conductivity of approx. 0,5 kJ/kg/K (orders of magnitude) shows that this release of heat needs to be considered for a correct simulation of the quenching.
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The chosen approach concentrates on the detection of these process limits during the forming step. This makes it necessary to track the thermo-mechanical history of every element and to compare it with a criterion describing the process limits.
For example, if v 0 defines, in a simplified description, the minimal cooling speed necessary for a correct quenching (v 0 > 0), any element showing:
will not exhibit a fully martensitic structure after forming (T is the temperature as a function of time, M s is the martensite start temperature).
More sophisticated criteria need obviously to be developed to accurately predict the process limits and thus the feasibility.
Coupled thermo-mechanical simulation
As compared to classical "cold" sheet metal forming, the introduction of temperature as an additional variable significantly impacts the constitution of the finite element models (Fig. 3 ). The coupling of the forming simulation with the calculation of heat transfer defines specific requirements for the finite element software. Some commercial FE-codes are able to represent the involved physical phenomena in a satisfactory manner:
• Forge2 and Forge3 [12] • Marc • LS-Dyna [5] [6] [7] • Abaqus [4] The codes dedicated to sheet metal forming (e.g. Autoform, Pam-Stamp 2G) do not integrate thermal aspects and can give only very rough indications in the field of hot stamping. One-step-solvers, as e.g. Isopunch, provide in combination with pre-existing experimental know-how, at least the best compromise between the time to invest in pre-processing, the computation time and the accuracy of the result.
One main drawback of most of the available solutions is the very long calculation time due to the need to model the dies with solid elements. Time steps can be adjusted between the forming and the quenching stage, but some softwares even require the blanks to be modeled with brick elements A major improvement is expected from the coupling of efficient forming simulation schemes and quick thermal calculations. Such a combination has been realized between the codes Pam-Form and Abaqus. Each code works on the physics on which it is the most efficient (forming / heat transfer) and the coupling is done by iterative transfers of geometrical data and mapping of temperature fields between the codes (Fig. 4) . The results achieved with Abaqus / Pam-Form are quite similar to those produced by Abaqus alone, but the computation times could be drastically reduced.
Experimental validations of this software chain are in progress on a prototyping equipment.
Result of the calculation with Abaqus.
Coupling Pam-Form -Abaqus (5 steps)
Coupling Pam-Form -Abaqus (50 steps) Fig. 4 . Comparison of the temperature field on the punch after hot stamping of a bumper
Summary and conclusion
The physical effects and parameters that are relevant for the finite element simulation of hot stamping have been identified. The fully coupled modeling of the forming, heat transfer and phase transformation is possible but very costly from the point of view of computation time. In a first approach, some assumptions concerning the definition and detection of process limits can be made in order to simplify the calculation and define a robust process. This way, the amount of 768 Sheet Metal 2005 material and process parameters to be determined prior to the FE-analysis can be reduced and the time to result of the FE-codes can be shortened. A specific software chain has been developed by Arcelor for this purpose. Further development is being made on experimental validations and improvement of the software. This FE-analysis platform is a key component of the support provided by Arcelor to the OEM's and automotive suppliers in the field of hot stamping of Usibor 1500 P.
